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(54) [Title of the Invention] Composite Semiconductor Circuit Device and 

Fabrication Method Thereof 

(57) [Summary] 

[Object] To provide a composite semiconductor circuit device obtained by fashioning Si 
electronic circuit elements, Group IH-V optoelectronic circuit elements, and optical lines 
(waveguides) on the same substrate, and to provide a fabrication method thereof 

[Composition] An Si substrate 1 1 is provided with Si LSI 13 and Group III-V 
optoelectronic elements 12 arranged in parallel, and wiring 16 is formed by employing a 
wiring material to fiU vertical wiring holes 15 extending from the flat surface of a leveling 
Si02 layer 14 covering the circuits and the elements. 

Key 11: Si substrate; 12: GaAs optoelectronic element; 14: SiOz film; 15: hole; 16: wiring 
[Claims] 

(Claim 1] A composite semiconductor circuit device, characterized in that Group III-V 
electronic/optoelectronic elements and Si LSI circuits are formed in parallel on an Si 
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substrate, and wiring is formed on the substrate between the Group ni-V optoelectronic 
circuit elements and the Si elements such that the wiring has a flat configuration in the 
transverse direction. 

(Claim 2J A composite semiconductor circuit device as defined m Claim 1, characterized 
in that the upper surfaces of the Group HI-V elements are aligned with the upper surfaces 
of the Si LSI circuits, the lower surfaces of the elements lie below the lower surfaces of 
the circuits, and the Group m-V elements have considerable thickness. 

(Claim 3] A composite semiconductor circuit device, characterized in that Group III-V 
optoelectronic elements and Si LSI circuits are formed in parallel on an Si substrate, and 
electrical/optical wiring is formed on the substrate between the Group III-V elements and 
the Si elements, with the electrical/optical wiring having a flat configuration in the 
transverse direction. 

(Claim 4J A method for fabricating a composite semiconductor circuit device, 
characterized by comprising the following steps for forming electrical and optical elements 
on a composite semiconductor substrate obtained by growing a composite semiconductor 
on an Si substrate: 

(1) a step in which the compound semiconductor is selectively grown by 
heteroepitaxy on portions of the Si substrate; 

(2) a step in which a first leveling layer composed of a leveling material is formed 
over the entire surface in a greater thickness than that of surface irregularities; 



(3) a step in which the surface of the first leveling layer is leveled off by polishing; 

(4) a step in which prescribed element structures are grown on the leveled and 
selectively grown semiconductor; 

(5) a step in which a second leveling layer composed of a leveling material is 
formed over the entire surface in a greater thickness than that of surface irregularities; 

(6) a step in which the surface of the second leveUng layer is leveled off by 
polishing; 

(7) a step in which holes are bored in parts of the leveled leveling materials all the 
way down to the underlying Si substrate, the selectively grown semiconductor substrate, 
or the electrodes formed thereon; and 

(8) a step in which a wiring material is deposited in the holes, and lines are formed 
on the surface. 

[Claim 5] A method for fabricating a composite semiconductor circuit device as defined in 
Claim 4, characterized in that, when a compound semiconductor is selectively grown by 
heteroepitaxy on portions of the Si substrate, holes are bored in the portions of the Si 
surface where the compound semiconductor has been grown in advance, and a thick 
Group ni-V semiconductor film is then formed following a surface leveling step. 

[Claim 6] A method for fabricating a composite semiconductor circuit device as defined in 
Claim 4 or 5, characterized in that prescribed thickness areas are provided with a material 



that has a low polishing rate and is designed to terminate polishing during the polishing of 
the leveling materials. 

(Claim 7] A method for fabricating a composite semiconductor circuit device as defined in 
Claim 4, characterized in that first-layer optical wiring is formed on a flat surface resulting 
fi-om the wiring of a leveled layer surface, the wiring is then covered with a third leveling 
layer that is composed of a leveling material and is thicker than surface irregularities, the 
layer is leveled by surface polishing, and second-level optical wiring is subsequently 
formed substantially orthogonally relative to the first-level optical wiring. 

Petailed Description of the Invention] 
[0001] 

[Technological Field of the Invention] The present invention relates to a composite 
semiconductor circuit device in which Si electronic circuit elements, Group III-V 
optoelectronic circuit elements (Group III-V elements) and an optical wiring (waveguide) 
are fashioned on the same composite semiconductor substrate typified by GaAs/Si or the 
like, and to a fabrication method thereof 

[0002] 

[Prior Art and Problems Which the Invention Is Intended to Solve] In conventional 
practice, Group III-V devices are fabricated and wiring is formed directly by processes 
involving Group Ill-V/Si elements. 

[0003] Fig. 19 is a schematic illustratmg the fabrication of a conventional composite 
semiconductor circuit device. In the drawing, 01 is an Si substrate, 02 an Si LSI circuit, 



03 a quality-improving layer and 04 an element layer. In a conventional wiring operation, 
the Si LSI circuit 02 and element layer 04 are merely covered with a wiring material to 
form wiring 05. 

(00041 It can be seen in Fig. 19. however, that a difference m grade exists between the Si 
LSI circuit 02 and the element layer 04, and this difference increases with an increase in 
the number of layers formed in a photolithographic process. In the particular case of 
Group Ill-V/Si elements, a fihn measuring several micrometers must be layered on the 
quaUty-improving layer of a Group EI-V crystal, making the difference in grade 
particularly problematic. In addition, wiring is difficult to perform if a surface has a 
difference in grade. First, wires break due to the difference in grade. Secondly, 
lithographic sharpness deteriorates because the depth of focus is affected by the difference 
in grade during a photolithographic process. For this reason, a Group III-V/S; composite 
semiconductor circuit device cannot have a high degree of integration. 

(00051 It is also known that optical lines must be laid between light-emitting elemems and 
light-receiving elements. One such method features the use of optical waveguides. An 
optical waveguide commonly comprises a light-transmitting portion (core) and a portion 
(cladding, which may sometimes be air) having a different refractive index for preventing 
light from escaping. According to this technology, light entering the core can reach the 
desired location without leaking outside (in other words, without a significant loss). 

[00061 An optical waveguide is different from an electric conductor in that it is difficult to 
cause light to follow sharp curves. Consequently, it has so far been impossible to fashion 
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optical waveguides on a Group Dl-V/Si composite semiconductor circuit device because 
of more pronounced surface irregularities and increased loss. 

[0007] In view of the above-described shortcomings, it is an object of the present 
invention to provide an optoelectronic composite semiconductor device and fabrication 
method that would allow photolithography and wiring to be performed on flat surfaces in 
Group ni-V/Si devices requiring thick fihn formation, making it possible to make the 
resulting wiring more precipitous and to improve photolithographic accuracy, and thus to 
form low-loss optical waveguides provided with the aforementioned elements and 
endowed with a higher degree of integration. 

[00081 

[Means Used to Solve the Abovementioned Problems] Aimed at attaining the stated 
object, the composite semiconductor circuit device pertaining to the present invention is 
characterized in that Group IH-V optoelectronic elements and Si LSI circuits are formed 
in parallel on an Si substrate, and wiring is formed on the substrate between the 
Group in-V optoelectronic circuit elements and the Si elements such that the wiring has a 
flat configuration in the transverse direction. 

[0009J The aforementioned structure is characterized in that the upper surfaces of the 
Group III-V elements are aligned with the upper surfaces of the Si LSI circuits, the lower 
surfaces of the elements lie below the lower surfaces of the circuits, and the Group ID-V 
elements have considerable thickness. 
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[001 OJ According to another structure of a composite semiconductor circuit device, 
Group in-V optoelectronic elements and Si LSI circuits are formed in parallel on an Si 
substrate, and electrical/optical wiring is formed on the substrate between the Group III-V 
elements and the Si elements, with the electrical/optical wiring having a flat configuration 
in the transverse direction. 

[001 II The method for fabricatmg a composite semiconductor circuit device according to 
the present invention is characterized by comprising the following steps for forming 
electrical and optical elements on a composite semiconductor substrate obtained by 
growing a composite semiconductor on an Si substrate: (1) a step in which the compound 
semiconductor is selectively grown by heteroepitaxy on portions of the Si substrate; (2) a 
step in which a first leveling layer composed of a levelmg material is formed over the 
entire surface in a greater thickness than that of surface irregularities; (3) a step in which 
the surface of the first leveling layer is leveled off by poUshing; (4) a step in which 
prescribed element structures are grown on the leveled and selectively grown 
semiconductor; (5) a step in which a second leveling layer composed of a leveling material 
is formed over the entire surface in a greater thickness than that of surface irregularities; 
(6) a step in which the surface of the second leveling layer is leveled offby poHshing; (7) a 
step in which holes are bored in parts of the leveled leveling materials all the way down to 
the underlying Si substrate, the selectively grown semiconductor substrate or the 
electrodes formed thereon; and (8) a step in which a wiring material is deposited in the 
holes, and lines are formed on the surface. 
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[0012J The aforementioned structure is characterized in that, when a compound 
semiconductor is selectively grown by heteroepitaxy on portions of the Si substrate, holes 
are bored in the portions of the Si surface where the compound semiconductor has been 
grown in advance, and a thick Group ffl-V semiconductor film is then formed following a 
surface leveling step. 

10013] The aforementioned structure is also characterized in that prescribed thickness 
areas are provided with a material that has a low poUshing rate and is designed to 
terminate poUshing during the poUshing of the leveling materials. 

[0014] The aforementioned structure is also characterized in that first-layer optical wiring 
is formed on a flat surface resulting from the wiring of a leveled layer surface, the wiring is 
then covered with a third leveUng layer that is composed of a leveUng material and is 
thicker than surface irregularities, the layer is leveled by surface polishing, and second- 
level optical wiring is subsequently formed substantially orthogonally relative to the first- 
level optical wiring. 

[0015] Specifically, the present invention has the foUowing features. (1) A method is 
adopted in which a thick leveling material is deposited, the material is leveled offby a 
poUshing technique having a proven poUshing eflFect, and the process is advanced to the 
subsequent step. (2) Portions for growing a Group III-V material are bored before the 
Group m-V material undergoes heteroepitaxy. and leveling irregularities are reduced, 
albeit slightly, by the above-described method. (3) Markers are imroduced for 
automatically stopping the poUshing of the leveling members in a self-aligned mamier 
(longitudinal direction), making it possible to relax polishing requirements and to improve 
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reproducibiUty. (4) Such leveling aUows conventional optical waveguide manufacturing 
techniques (including photolithography) to be used following the integration of 
optoelectronic circuits (semiconductors), and makes it possible to combine electric and 
optical wiring. In other words, so-called in-board and in-chip interconnections can be 
made without compromising conventional Si LSI and Group IH-V optoelectronic 
techniques. 

[0016] 

[Working Examples] Working examples pertaining to the present invention will now be 
described with reference to drawings. 

(Working Example 1) Fig. 1 is a schematic of the composite semiconductor circuit 
device pertaining to the present working example. It can be seen in the drawing that an Si 
substrate 1 1 is provided with Si LSI 13 and Group ffl-V optoelectronic elements 12 
arranged in parallel, and wiring 16 is fonned by employing a wiring material to fill vertical 
wiring holes 15 extending downward from the flat surface of a leveling layer 14 covering 
the circuits and the elements. 

10017] Fig. 2 illustrates a first working example with reference to GaAs/Si. An Si LSI 
circuit 12 [sic] is fonned on an Si substrate 1 1. Part of the Si surface is left unobstructed 
and exposed as a GaAs region. GaAs is selectively formed on the substrate. An SiOj 
film 21 is first layered by CVD. The portion of the SiO^ film 21 over which GaAs is to be 
grown is then etched by lithography, and the Si substrate 1 1 is exposed (Fig. 2(A)). 
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[0018] GaAs is grown by vapor-phase epitaxy. It is possible to selectively involve the Si 
surface alone in epitaxial growth, with the SiOj fikn 21 being left out of the growth 
process. A GaAs layer 22 is thus selectively grown in a thickness of about 4 nm 
(Fig- 2(B)). 



in a 



I0019J An Si02 leveling fflm 23 (first leveling layer) is subsequently layered by CVD 
thickness of about 5 (Fig. 3(A)). Viewed fi-om the Si surface, this layer is made 1 nm 
thicker than the thickest part of the GaAs surface (4 nm). The SiOz leveling film 23 is 
then polished by chemical polishing and leveled off together with the GaAs layer 22 to a 
thickness of 3 ^un, as measured fi-om the Si surface (Fig. 3(B)). 

[0020] The resulting surface smoothness is 50 A or less (in terms of irregularities). 
Concurrently with the leveling of the SiOj leveling fihn 23, the surface of the GaAs 
layer 22 is poUshed to the same height as the SiOj surface. This is due to a feature 
whereby the polishing rate of the GaAs layer 22 is higher than that of SiOz, causing the 
GaAs surface to be automatically leveled down to the same height as the SiOj surface 
during Si02 leveling. 

[0021] An electronic element (in the present working example, an HBT (Hetero Bipolar 
Transistor) 24, an HEMT (High Electron MobiUty Transistor) and an FET) composed of 
GaAs and AlGaAs. and an optical element (an LD (Laser Diode) and a PD (Photo 
Detector)) 25 composed of GaAs and AlGaAs are then formed on the exposed surfaces of 
the Si02 leveling fihn 23 and GaAs layer 22 (Fig. 4(A)). In this case, as in the step shown 
m Fig. 2(B), an SiOz fihn can be selectively grown to manufacture an optoelectronic 
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element 26 solely on the exposed surface of the GaAs layer 22, yielding a GaAs 
optoelectronic element 12. In its thick section, the element has a thickness of about 1 um. 



in a 



(00221 An Si02 leveling fihn 27 (second leveling layer) is subsequently layered 
thickness of about 2 um for leveling purposes (Fig. 4(B)). The SiOz leveling film 27 is 
then poUshed by chemical poUshing and leveled off to a thickness of 4.3 ^im, as measured 
from the surface of the Si substrate 1 1 (Fig. 5(A)). The resulting surface smoothness is 
50 A or less (in terms of irregularities). 

[0023] Wiring holes are then formed in the electrode portions of Si LSI 13 and the GaAs 
optoelectronic element 12. The material is uniformly coated with a photoresist and 
exposed through a mask. The SiOj levelmg film 27 is selectively etched by RE according 
to a common photolithographic technique. Because the SiOz leveling film 27 has a flat 
surface (< 50 A), good photolithographic sharpness can be achieved, and the holes 15 can 
be made as narrow as is allowed by the limit imposed by the photolithographic device (the 
line width accuracy of the device and process described herein is 0. 1 ^m) (Fig. 5(B)). In 
principle, a line width of up to about 50 A can be achieved by increasing device accuracy. 

[00241 A wiring metal is then deposited by CVD to form wiring 16. In this case, 
connections can be made without causing wire breakage or disturbing the perforated 
(pinhole) area of SiOz in anyway. The desired wiring 16 can again be formed by 
photolithography below the surface (Fig. 1). 

(00251 Although this is not shown in the drawings, a multilayer wiring 16 can be obtained 
by repeating the wiring steps shown in Figs 5(A). 5(B) and 1 . The above example was 
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described with reference to a three-layer wiring, but more layers can be stacked without 
affecting wiring accuracy or the like in any way. 

I0026J (Working Example 2) Fig. 2 illustrates a second working example with reference 
to InP/Si. In this example, a wired Si LSI circuit is formed on an Si substrate. InP is 
selectively grown on the substrate. In the present working example, an 8-nm recess 3 1 is 
bored in advance in an Si substrate 1 1 as a region for selectively growing an InP layer. 

[0027] An Si02 fihn 21 is first layered by CVD. The portion of the SiO: film 21 for 
growing InP is etched by photoUthography, exposing the Si substrate 1 1 (Fig. 6(A)). 

I0028I Whereas Working Example 1 was such that the Si surface for growing InP was 
the same as the rest of the Si surface, the InP growth portion of Working Example 2 is 
shaped as a recess 31 in the above-described manner. 

[0029] Two methods can be used to form the recessed portion. 

I0030J According to a first method, the recess 3 1 is fonned following the step of 
Working Example 1 shown in Fig. 2(A). In the step shown in Fig. 2(A). the Si02 film 21 
is etched, and the Si substrate is then etched as well, yielding a recess 3 1 extending to 
about 8 urn fi-om the Si surface in the manner shown in Fig. 6(A). To etch the Si 
substrate 1 1 according to the present working example, the photoresist for etching the 
Si02 fihn 21 is left unchanged, and the recess 3 1 is fonned by RIE (Reactive Ion Etching). 
It is apparent that other conventionally known techniques and methods (dry etching, wet 
etching) may also be employed for Si etching. 



13 



(003 IJ In another approach, a recess 3 1 is formed by one of the aforementioned 
techniques in the InP-growth area of the Si substrate 1 1 before the Si LSI 13 is grown. 
Although both types of methods were used in the present working example, either of them 
yields the same results when used alone. The recess formation time is related to the Si LSI 
formation step, and an appropriate method can be used depending on the specifics. 

(00321 InP is grown by vapor-phase epitaxy. It is possible to selectively involve the 
surface of the Si substrate 1 1 in epitaxial growth, with the SiOz film 21 being left out of 

the growth process. An InP layer 32 is thus grown in a thickness of about lO^m 
(Fig- 6(B)). 



m a 



10033] An SiO: leveling fihn 23 (first leveling layer) is subsequently layered by CVD 
thickness of about 3 ^m (Fig. 7(A)). Viewed from the Si surface, this layer is 1 nm 
thicker than the thickest InP surface (2 m). The SiO^ leveling film 23 is then polished by 
chemical poUshing and leveled off to a thickness of 1 ^m from the surface of the Si 
substrate 1 1 (Fig. 7(B)). 

[00341 The resulting surface smoothness is 50 A or less (in terms of irregularities). 
Concurrently with the leveling of the SiO^ leveling fihn 23, the surface of the InP layer 32 
is polished to the same height as the SiO: surface. This is due to a feature whereby the 
poUshing rate of the InP is higher than that of SiO^. causing the InP surface to be 
automatically leveled down to the same height as the SiO^ surface during SiO^ leveling. 
An electronic element (in the present working example, an HBT (Hetero Bipolar 
Transistor) 33, an HEMT (High Electron Mobility Transistor) and an FET) composed of 
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InP and InGaAsP, and an optical element (LD (Laser Diode) and PD (Photo Detector)) 34 
composed of InP and InGaAsP are then formed on the exposed surfaces of SiOj and InP, 
yielding an optoelectronic element 35 (Fig. 8(A)). 
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[0035] In this case, selectivity is ensured by SiOz, and an optoelectronic element 35 
be fabricated only where InP is exposed, as described above. In its thick section, the 
element has a thickness of about 1 um. 

[0036] An Si02 leveling film 27 (second leveling layer) is subsequently layered in a 
thickness of about 2 ^m for leveling purposes (Fig. 8(B)). The SiOz leveling film 27 is 
then pohshed by chemical polishing and leveled oflFto a thickness of 3.3 um fi-om the Si 
surface (Fig. 9(A)). The resulting surface smoothness is 50 A or less (in terms of 
irregularities). 

[0037] Wiring holes are then formed in the electrode areas of an InP optoelectronic 
element 36 and Si LSI 13. The material is uniformly coated v^th a photoresist and 
exposed through a mask. The SiO^ leveling film 27 is selectively etched by RE according 
to a common photolithographic technique. Because the SiOz leveling film 27 has a flat 
surface (< 50 A), good photolithographic sharpness can be achieved, and the holes 15 can 
be made as narrow as is allowed by the Umit imposed by the photolithographic device (the 
line width accuracy achieved using the device and process described herein is 0. 1 um) 
(Fig. 9(B)). 

[0038] Wiring metal is then deposited by CVD. In this case connections can be formed 
without causing wire breakage or disturbing the perforated (pinhole) area of SiOj in any 
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way. The desired wiring 16 can again be formed by photolithography below the surface 
(Fig. 10). 

[0039J Because the present working example involves boring the growth region of the 
InP layer 32 and forming a recess 32 [sic] in advance, the resulting InP layer 32 can be 
made thicker in proportion to the size of the bore (8 nm), with the structure on the Si 
surface having the same thickness as in Working Example 1 . When made into a 
Group m-V/Si structure, InP is less prone to cracking than GaAs is, even when the 
structure is comparatively thick (see conventional techniques). A thickness of about 10 n 
m is therefore advantageous for quality improvement. 

[0040J Although Working Examples 1 and 2 were described with reference to cases in 
which Si02 was used for the leveling fflm, the same results can be obtamed using SiN„ 
SisN* or polyimide. Any material can be used for a leveling film in this manner as long as 
this material can be leveled by chemical polishing and has no effect on the elements, wiring 
or the like. SimUarly, any of a multitude of methods (spin-on glass, CVD, sputter film 
forming, coating and the like) can be used to fabricate such leveling films. 

[00411 (Working Example 3) FoUowing is a description of a case in which a polishing- 
inhibitmg layer is introduced during chemical polishing. 

[0042] Most of the steps are the same as in Working Example 1 . The following steps are 
different, however. 

[0043] A GaAs layer 22 is selectively grown solely on the surface of the Si substrate 1 1 in 
Fig. 2(B) in the same manner as in Working Example 1 . 
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[0044J An Si3N4 film 4 1, whose polishing rate is lower than that of the SiO: film 2 1 , is 
subsequently stacked as a polishing-inhibiting layer in a thickness of 2.95 m ± 0.05 \m 
(Fig. 11(A)). 

[0045 J The SisN* film 41 is then selectively etched across the flat portion (Fig. 1 1(B)). 
The Si02 leveling film 23 is then layered as a first leveling film in a thickness of 5 ^im 
(Fig 12(A)). 

[0046] The SiOz leveling film 23 is then polished by chemical polishing. The object is to 
reach a thickness of 4.3 ^m at the end of poUshing in the same manner as in Working 
Example 1. but the material may be overpoUshed by about 0. 1 nm. However, polishing 
stops at the Si3N4 fihn 41 because the polishing rate of Si3N4 is lower than that of SiOj 
(Fig. 12(B)). 

10047J This is because the end of polishing according to Working Example 1 is 
determined by the paraUelism between the Si substrate 1 1 and the poHshing cloth, and the 
remaining SiOz fihn distribution is determined by the positional accuracy thereof In other 
words, a certain accuracy is required. By contrast, the present working example does not 
require high parallehsm accuracy because the end of polishing is determined by the 
polishing inhibitor (Si3N4). As a resuh, an inexpensive polishing machine can be used. 
The resulting feahire is that highly reproducible polished surfaces can be obtained without 
the use of special techniques. Employing the same polishing-inhibiting technique and 
performing the same operations dispenses with the need for high parallelism accuracy 
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when a second leveUng layer is fonned to complete the leveling structure according to the 
steps shown in Figs 4(B) to 5(A). 

(00481 (Working Example 4) Working Example 4 will now be described with reference to 
a case in which a material is selectively grown on part of a substrate, and the selective 
growth surface is leveled out. 

(0049] Although the growth conditions selected for Working Examples 1-3 are 
acceptable, growing compound semiconductors under certain conditions or by certain 
methods may sometimes make it impossible to achieve selective growth. 

[0050] In these examples, polycrystalline growth is adopted for edge growth and selective 
masking. 

[005 1 ] Edge growth is a phenomenon in which the material near a selective growth mask 
grows faster than the target growth rate during selective growth. This is attributed to the 
fact that the starting material being grown on an ungrown selection mask is carried to the 
selective growth region by vapor-phase diffusion or growth-plane migration, increasing 
the height of the GaAs region near the selective growth mask used in the selective growth 
process. 

[0052] Although the growth of polyciystals or the like on a selection mask is inherently 
impossible, compound semiconductors can still be deposited on the starting material under 
certain growth conditions (for example, when growth supersaturation is too high). The 
resulting deposit assumes the form of surface in-egularities and impedes subsequent steps 
in a variety of ways. 
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[0053] The portion of the Si surface for growing InP is exposed in the same manner as in 
Working Example 2, and the portion where no growth is intended is used for selectively 
growing the SiOj fflm 21 (Fig. 13(A)). In the present working example, higher 
supersaturation is estabUshed in order to reduce the growth time, that is to ensure faster 
growth and to achieve a higher throughput. 

[00541 For this reason, (1) the InP layer 32 is grown (edge growth) 32a near the 
selectively grown SiOj film in the InP growth area to a thickness greater than the target 
thickness of the grown fihn, and (2) crystals 32b are grown on the selectively grown fihn 
(Fig. 13(B)). 

[00551 Such phenomena may hinder subsequent steps. In the present working example, 
an Si02 leveling fihn 23 is layered under these conditions as a leveling film in the same 

manner (Fig. 14(A)). The material is subsequently leveled by chemical polishing 
(Fig. 14(B)). 

[00561 As a result, the surface is leveled despite the formation of the edge growth 32a 
and polycrystals 32b on the selectively grown fihn (Fig. 14(B)). 

[00571 A flat InP surface is formed in the InP selective growth region despite the 
presence of the edge growth 32a. 

(00581 The polycrystals 32b remain in the flattened material (in this case, SiOj) but 
surface leveling is still possible. 
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[0059] (Working Example 5) Working Example 5 will now be described with reference to 
a case in which an optical waveguide is integrated in addition to an optoelectronic 
combination. The following steps are performed foUowing the wiring step of Working 
Example 2 shown in Fig. 10 (Fig. 15(A)). 

[0060] After the wiring step has been performed according to Working Example 2, a 
highly refractive optical waveguide 5 1 is formed on the surface between the light-emitting 
and light-receiving elements (in this case, light enters and exits in the surface direction of 
the device) (Fig. 15(B)). Here, light from the light-emitting and light-receiving 
elements 12 is completely reflected by the slanted waveguide 5 1, and light entering the 
optical waveguide 5 1 in the transverse direction changes its direction in a highly efficient 
manner, as shown in Fig. 16. At this stage, optical wiring and electrical wiring are 
completed, and the goal is achieved. 

[0061] In the present working example, two optical wirings are further superposed on 
each other. A leveHng member 52 whose thickness is greater than the difference in grade 
created by the wiring is superposed and leveled by chemical polishing (Fig. 17(A)). 

[0062] Optical wiring in the form of optical waveguides is then formed between the 
desired light-emitting and light-receiving elements by CVD, photoetching or the Hke 
(Fig. 17(B)). Although the two optical wirings superposed herein (see the plan view in 
Fig. 18) are a first-layer optical waveguide 51 A in the transverse direction (Fig. 17(B)) 
and a second-layer optical waveguide 5 IB in the plane of the drawing (Fig. 1 7(B)), it is 
apparent that these wirings can be combined in any other appropriate manner. In addition. 



20 



electrical wiring can be concurrently performed during the formation of the second layer of 
optical wiring. 

(0063) Compared with other elements, the light-emitting and light-receiving elements 
based on a compound semiconductor and obtained in accordance with the present working 
example are disposed higher (because the optical waveguides and the light-emitting and 
light-receiving elements are positioned closer to each other), suffer only slight optical 
leakage, and have better optical coupling (optical wiring). (The fact that the Group III-V 
crystals are shaped as a thick fflm is beneficial for the purposes of the present working 
example.) 

[0064] The present working example yields a flat surface (50 A or less) and makes it 
possible to obtain optical waveguides with minimal loss or outside leakage (which is 
related to crosstalk). 

[0065] The same dynamic characteristics can be obtained by reversing the electrical 
wiring step and the optical wiring step, and forming electrical wiring after the formation of 
optical wiring. 

[0066] According to the present working example, the direction of light emission and 
reception coincides with that of planar emission, and the optical wiring is directed 
transversely. Light is converted from transverse to longitudinal/diagonal by means of a 
slanted total reflection surface. 

[0067] A grating method can also be used to convert planar light to a transverse 
direction. In a transversely oriented, cavity-forming LD or light-emitting element, the first 
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and second optical wirings are coupled by (1) slanted total reflection, (2) a grating, 
(3) interference between waveguides, and the like, but the resulting characteristics are the 
same as those exhibited by an optical wiring (waveguide) formed on a conventional flat 
surface. It is apparent that any other existing waveguide technique can also be used. 

[0068J (Working Example 6) Described below are characteristics of a composite 
semiconductor circuit device fabricated by the above-described method. 

[0069] Forming electrical wiring on a flat surface dispenses with the need for the stepped 
wiring required by conventional methods. When wires are laid over a stepped portion in 
accordance with prior art, the wiring in this portion becomes thinner, the wires break 
during the operation of the circuit device, and other reliability problems occur. The 
present circuit device is created by laying wires solely over flat portions, and is therefore 
devoid of the unacceptable deterioration in quality brought about by the difference in 
grade. The reliability (detennined based on wiring durability tests) of the circuit device is 
comparable to that of a wiring formed on a conventional level portion, and much better 
results are obtained. 

[0070] Conversely, a conventional technique requires that a wiring be made wider or 
thicker in order to ensure the desired reliability. In other words, the wiring width is 
determined by the stepped portion rather than the level portion. For this reason, a wire 
width of no more than 0.5 ^m can be achieved by a conventional technique in an attempt 
to secure the desired reliability in stepped portion, whereas the apparatus for fabricating 
semiconductor circuit devices according to the present working example can, for example, 
achieve a line width accuracy of 0. 1 nm in a leveled portion. The present working 



22 



example is difTerent in that accuracy and yield remain unaffected even when the device is 
rated at 0. 1 m- Consequently, the composite semiconductor circuit device of the present 
invention has a higher degree of integration than a conventional device. 

(00711 The optical wiring has the same characteristics as the above-described electrical 
wiring. The optical wiring can be endowed with the below-described characteristics, 
yielding a composite semiconductor circuit unattainable with a conventional method. 

[0072] In a conventional optical wiring on a stepped portion, the wiring varies in the 
vertical direction in accordance with the difference in grade despite having a lateraUy 
oriented configuration. Although it is assumed that light is confined inside a waveguide, 
the difference in grade creates light scattering, leakage from the waveguide, and other 
phenomena, so light traveling through the optical wiring is lost, interwiring crosstalk 
caused by light leakage, and single-mode propagation is disrupted. As a resuh, light 
no longer propagate over long distances through thin optical wiring. For example, the loss 
is about 3 dB when the difference in grade is 3 ^m. A distinctive feature of the present 
invention is that all these shortcomings are overcome. 

[00731 In addition, the propagation characteristics of an optical wiring are greatly affected 
by the flatness of waveguide borders. The presence of irregularities on waveguide borders 
creates light scattering, increases propagation loss, and causes light to be emitted outside, 
compromising waveguide characteristics. In conventional practice, good 
photolithographic sharpness cannot be obtained because of the relation with the depth of 
focus of the photolithographic process during the fabrication of waveguides over a 
stepped portion. For this reason, an increased difference in grade produces irregularities 
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on the borders (outer waUs) of a waveguide. irregularities form when the difference 
in grade is 3 ^m. The irregularities make it impossible for l.S-nm light to propagate 
as a single mode. The present working example, on the other hand, makes it possible to 
reduce the size of border irregularities to 0.03 \xm or less, markedly improving 
propagation efficiency and allowing light traveling through a chip (about 4 mm) to have a 
loss of only 1 dB or less. 

[0074] Thus, the composite semiconductor device of the present invention is 
characterized in that the border flatness (linearity) of optical waveguides is improved both 
vertically and transversely (in the direction of border irregularities), producing optical 
wiring characteristics unattainable with conventional techniques. 

[0075 J The presence of a thick semiconductor portion endows the Group III-V 
compound semiconductor with better crystallinity. If an attempt is made to manufacture a 
Group III-V semiconductor element by a conventional method and still achieve the same 
crystallinity as in the present working example (that is to secure the same element 
characteristics), the upper surface of the Group III-V semiconductor elemem would need 
to be disposed above the upper surface of the Si-LSI. A drawback to this approach is that 
optical and electric lines become longer in the transverse direction. In the circuit device of 
the present invention, the upper surfaces of the Group III-V circuit device and Si circuit 
device have the same height, and the wiring is made shorter in the transverse direction. A 
distinctive feature of this arrangement is that shorter lines are used and that the electric 
and optical lines transmit signals with higher efficiency. 

[0076] 
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[Merits of the InventionJ The present invention aUows HI-V heteroepitaxial growth, III-V 
element formation (growth), photolithography, wiring and the like to be performed on flat 
surfaces, making it possible to prevent stepped wiring breakage, reduced steepness 
resuhing from variations in the depth of focus during photolithography, and other defects 
caused by irregularities. Higher integration can therefore be achieved. As a result, faster 
response can be provided. In addition, optical waveguides, which have so far been 
considered impossible to obtain using conventional techniques because of increased loss, 
can now be fabricated following optical element formation. 



[Brief Description of the Figures] 

[Figure 1] A schematic of the composite semiconductor circuit device pertaining to a first 
working example. 

[Figure 2] A process diagram of the first working example. 

[Figure 31 A process diagram of the first working example. 

[Figure 4] A process diagram of the first working example. 

[Figure 5] A process diagram of the first working example. 

(Figure 6) A process diagram of a second working example. 

(Figure 7] A process diagram of the second working example. 
(Figure 8J A process diagram of the second working example. 
(Figure 9J A process diagram of the second working example. 
(Figure 10] A process diagram of the second working example. 
(Figure 1 1] A process diagram of a third working example. 
(Figure 12] A process diagram of the third working example. 
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(Figure 13) A process diagram of a fourth working example. 

(Figure 14) A process diagram of the fourth working example. 

(Figure 15J A process diagram of a fifth working example. 

(Figure 16] An optical line diagram based on total inclined reflection. 

(Figure 1 7] A process diagram of a fifth working example. 

(Figure 181 A plan view of an optical wiring (double) and electrical wiring. 

(Figure 191 A diagram of a conventional composite semiconductor circuit device. 
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1 1: Si substrate; 12: GaAs optoelectronic element; 13: Si LSI; 14: SiOj film; 
15: hole; 16: wiring; 21: SiO^ film; 22: GaAs layer; 23, 27: SiO^ leveling films; 
24. 33: electronic elements; 25. 34: optical elements; 26. 35: optoelectronic elements; 
3 1 : recess; 32: InP layer; 32a: edge growth; 32b: crystal; 36: InP optoelectronic dement; 
41: SiaNj film; 51: optical waveguide 
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22 GaAs layer 
[Figure 3] 

22 Si02 leveling film 
[Figure 4] 

24 electronic element 

25 optical element 
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[Figure 5] 

[Figure 6] 

3 1 recess 
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[Figure 7] 
[Figure 8] 
[Figure 9] 
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[Figure 11] 

41 Si3N4film 

[Figure 12] 
[Figure 13J 
[Figure 14] 
[Figure 15] 
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¥Sft:fi92 3^CVDSlCcfcD. mz ummm^'^ktL 
(07 (A) ) o r<^Ki9«, S iS®7!f^e.jaT, St) 
;pvUnP^ffi (2 Mm) tCitlJLT. 1 Xim^?<!9:^ 
$ii-T*^. ^(0^, fl:^t8«W^tc<i:D> S 1 O2 ¥ 
Sfl:IS2 3$S ISfil 1 cogffi:?!>^iP>l /imcOiP^S^^tc;^ 
^ST. Wa^ffiffc^tirfc (0 7 (B) ) , 
40 [0 0 3 4] ^S^JHt^i, HdhtC bT 5 0 AfilTi:?* 
ofco SI O2 ¥ffi{kK2 ScO^Sfb^il^^tl, I n P 
S3 2^fflt)S i O2 ^®<l:[^i;ii5$^TWB$nfco 

siO: w-^^^not^Wimzinpm&hs 

102 ^a"i:t5li;cSiT¥iBfh:$n5><J:Vi^1$a^WUT 
Vi^. iaviT> S i O2 1 1 nP^tRMLTVi-S^MlZ 
I n P. I n G a A s ^ii^^U^m-mi' (*^ig^T 
(iHBT (Hetero BiPolar Transistor) 3 3 ^HEMT 
(High Electron Mobility Trans is tor) :fecl:tf F ET) 
50 tin P. I nGaAs P;(5^6;i^3t«T (LD (Lase 
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(5 

7 

rDiode)^PD (Photo Detector) ) 34S;f^SL«? 
•JtSt^3 5*#fc m% (A) ) . 

10 0 3 5] jfetc^Lfcttc, sio» ici 

OS«tt*«ftft:n. I nP*«Bail/Tl'»*8Bi^©*lC. 

[0 0 3 6] «V»T. S-CD^FSftsK 

(B) ) . ^ffl^. fl:^a«w»icio, s 1 oi ¥a 

ft;K2 7SS iSffiA>6 3. 3ym©iP*lc;ia:S*-C. 
9fB¥Sfl;$-»fc (H9 (A) ) . Dfldb 
CL-TSOAOTtJaofc. 

[0 0 3 7] S I LS I 1 3. I nP«^ •ifcjR 

J ¥«fl;e2 7sa«?w»cxy5'>i'-r-5ti>5ji«o 

7*MeSrfTo&. dd-e, SiOj ¥aftK2 7S 

«5 0A) Tabsfc*. 7*ho«n*iS 
«S) asv^^ti 5*llJts::t3)»-p#fc (0 9 a? 

(B) ) . 

[0 0 3 8] -tm CVDjiK:^r)Eie&«£(*SS 

•B-ifc. (ic-ca. s lOa ®?tMtt (t:>*-;i/) »c 

(01 0), . 

[0 0 3 9] *S6J8Wrtt. nP«3 20 

^:gffi«sffl0ii^rIa3 2ifejgj«LT*-5fc*, si 

ofc I n PS 3 2 OKW*^ ffl0a=A/fc*8 tiva.9t1t\^W 30 
<-r5Ct*»Tff5. I nPttGaAs tltRLT. II 

[0 04 0] *JS«1. 2-C«. ¥a{blBtL.TS i O 
J •?-OflSt::S I Ni , Sis N 

aiC*ViTt>l^fiSlC#a#ffl (Xtf>:^>i/^X. CV 

s. 

[0 0 4 1] (njsfiiiis) 'A\z{t^mmmm<omz, m 
[0 0 4 2] at^^:©Ie^i, mmmi tm\:'-r:$, 

[0 0 4 3] llftWl tl^«IC»f^tTH2 (B) 
-rs iSffil l©SS©;^l:GaAsA2 2<&3^^e 

SO 




!t$M¥6-2 3 2 1 2 6 

[0 0 4 4] Jfcll. S i O2 S2 llCttttL-TWeiiS 
oav>S is N< R4 1 Sr. 2. 9 5 /zm± 0. 0 5u 

mTifeffihettTastfe (hi i (a) ) . 

[0 0 4 5] ^Iw, ipaS6{C*l>T. S i s N4 R4 1 
«:a«?W»IXy9^>i^-r5 (HI 1 (B) ) . SIC. S 
-©^SftStLTS 1 O2 ¥Sfl;R2 3!&5 um«@ 
•rs (012 (A) ) . 

[0 0 4 6] *©a, ■(k1^«WStJ:r), S i Or ¥ 

|gi;«tC4. 3 MinSBgt-rs*^ iE-nJ:Dfe«0. 
1 wm:t-AWBSff-3fc. L.35»Uift*»6. Slj 
ttS 1 0» Iwtt^tTWBjSSAJai-i&Ji), WBttS 1 
3 N< S4 l©Bfrl9ih-f-5 (012 (B) ) . 

[0 0 4 7] ztiit, njfiwiTii. we<9±*i. S 1 

iiJST*t>fc. ^-tllCtfcRL. *^Ig«qTtt. WJe<9± 
**ef«<?±SlI (S ij N4 ) Ttt3£Sn^>fc«). Wrffi 

mKommnim < t nisi* t«nfcw«ffi*«» 
T¥a{i:esj^)*-r504 (b) -05 (a) ic^ufc 

[0 0 4 8] (SliSW4) ;*:lcm4©^0iia:LT, « 

«©-»icaj?ritSL. ■€-©a«^gSffi*Tafl:ufc 

[0 0 4 9] 5IJS«i!ll~3THK)UcjS^.;4l'i^g*fr 

[0 0 5 0] -?-©|f!ia:LT. X-zvi^n-X. SJJTX 
[0 0 5 1] X->viAD-XtH. mSi^&\Zi3\,^X. 

::ntt, *jffis©a^'7x^±©isgis» 

«fiffi«{catfn, a«^sg©a*?i«fiTxi/i5«s©^ 
giis*<as^"b©taiS$nTv».5. 

[0 0 5 2] aKTXi"s®*«$a^©«Si:tt. * 
*, a5?vxj'irtt7S:{ct>^;gL;ftV5tt-rT*5**. « 
g*fl=lcJ:r3Tll. (WAH. «g©DnfiSlafi*sa-r^ 
a«TXi^±lct>ft^«5*IS«:*tffrUl-r 

c©«faft>bgtiiaiatL.T. ^8iifea©isies 

[0 0 5 3] SIJfiW2tif|»|;:aif^LT. InP€^fi 
•rS'<#0r©S ISffiSiBtilS-B-, ]«fi3-a:fe<;ftV>ff 
tt. S 1 O2 IS2 1 SajJiSfiRibfc (0 1 3 

(A) ) . *siii«Ttt. ^&miBi'&mmit^tttt>t 

W©^* iCjUfiSfUffiSilf ft:. 
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(6) 

9 

[0 0 5 4] -tOfcJi). ®I nPj3cfiM«lt*t»Ttt. 

awt-rs I n p®3 2©«fiKJPK±*»s i 02 a« 

«?^fiK±lCt>. 16^3 2 b*«)«gLfc (013 
(B) ) . 

[0 0 5 5] ^WlglCiStriTraSi::**. 
T(DSi02 ¥afl:R2 3 Sastfc (H 1 4 

(A) ) . -^-oa, fl:i*a«weic±D¥afl:i&fTt>fc 

(H 1 4 (B) ) . 10 
[0 0 5 6] -ttDilSm, Xyv'i^D-X3 2 a. 

3 2 b05S*?^fiB^®iSKfi«**WofclC'bA>*^t)6 

■f, «ffi*«PS{kSnfc (1^01 4 (B) ) , 
[0 0 5 7] In Pa^*S««tt. Xy>?i^D-X3 

2 aAtfe-pfclCfcA^Ait^^-f . 5Pa& I n PffiA*fffS3 

[0 0 5 8] ^leSS 2 bli, JFSfttt (dCTH. S 
102 ) rtlcSSTS**. SStUTfi, 

[0 0 5 9] (.mt&ms) 'A\z. fssonmmtLr, 20 
xmtvr\t. s^JSffii2®0i oic*ufcE«iscoa 

(HI 5 (A) ) It, i*:OIS£fftjfc. 

[0 0 6 01 ^|gW2-CESXgSfToit«, 3t«?K§ 

(HI 5 (B) ) . eicirti. HI eic^-reiiz. « 
2*^6©5ttt. »lCf^K$n&«SigS5 1 

[0 0 6 1] *||JgWTtt. S6lC3tffi«&2afl:L 
fc. ¥Sfl:»5 2?£SliagJ:Dm^K©?a@U ft 
^«tt«BtCJ:0¥aft^£ffofc (HI 7 (A) ) . 

[0 0 6 2] -?-0«CVDt7* hXy^'^i^^tJ: 

fT'Qfc (HI 7 (B) ) . CCTtt. 3tE«©2Sftt 
UT, «i:^|plSM I ®©JtWSK5 1 A (H 1 7 

(B) ) , tt®:«FlS]S:»2e©3t»iRK5 IB (HI 7 

(B) ) tvit mi 8©¥SH#fl8) ;in^sa 40 
ai©jfcEi8©xeit4Jv»T, «ME«i£i^Kiciijg-r 

[0 0 6 3] *SIJS«C:feV»T, ft^'»¥««:IZj;-5a 
(ftmf5t. ^5t§3t^5^t3t«»Kt©ag««»St» 

^tiit (III «-v»es*wKr*«c:t*t. *iiis 
[0 0 6 4] ccT. **iseiiuciji'»Ttt, ytsmxm so 



«$ffl¥6-2 3 2 1 26 

i(? 

It^l-JT. Sffitt¥aft!4»tit$nT*0 (5 0A£jl 
T) . )t»S[iSi:L.TS5fe»5titt^|.S?'v©iij!S (i'P 

[0 0 6 5] m%m»xmt^mmxni:m\zL 
T. 3tE»xg©»ir, fifiEiaxe^&ffoTfc. mm 
©»ifmtt*^rtTv>fc. 

[0 0 6 6] IISJ, *^ifi«in?tt. »)t§>t*|ti]&ffi«3t 
tLT. ?tE«tt«:)^ieitbfc. -tLT. 3t©ffl-«#f 

[0 0 6 7] -ewtei:. ffi:SiRi©3t&«;?i6iica:ift-r5 

tflciO. ®l©3tE«ltS2©3fcE«IS«e^$-B-5;S: 
fffofe*t. flaE©¥ffi±lcfPSLfc3ieE« (»j^K) 

ti^ss©!i$tt*:ti-5fc©*<ff6n«:. -e©tei:. m 
#©»«KS«s^Taffl T# 5 c t lim ^ t r fesi 

[0 0 6 8] (l8iSW6) ±E^Ftt»CJ:Off»tfca^ 

¥«#iiiisiifi©i$iKs^-r. 

[0 0 6 9] ¥fi±(ca§tE«£ff^fcii&. t¥*©^rj£ 
T'iM!T*o&aM±OEiSI*t^St;a:o&. tE*. ft 
S±lcEiS8Lft:S^. iE-®S5»OE«8««»<:fa:0, ate 

SBi»« I" ir EH** ^ n-5 ;i c ras*^ * o &. 

sfc*. ascj:sc©«eft©rastt)S<;a:o. mt&m 
momm^ (£iii©f?i9>t$!» ^©¥mes©£ii 
tm\zfs.t), »a©i^±*«^e.n&. 
[0 0 7 0] sfeMtc, fle*jsii*t>Ttt. ±gmett 

©-?-n-rft*^©Ttt;s:<. asfiSTSiStjTVifc. 

®fc«. «Atf*Sllfi«»l®¥«<|fI5IKKBf^S»BCfc 
V^T. ^aaslr^ViTttO. 1 wm®«e«S&WUT 

v>sict>j6ie.-r. SE^feteicisi'iTtt, asffl®±E«« 

ttSilt«fr^.fcai>lt, SllittT. 0. 5/im*TL*» 
««T#;**>t)fc. *S^Jfi«®«&, c:©«l;S:cttt;ft 
<. gfittlE©0. l/iini:LTt). ^SDK 

[elKSStt. fie*©®)lCJt«!LT, ilS*«®1g^¥«# 

[0 0 7 1] 3tEi»l:*t^Tt). ±i2«^E«lt^»® 
1$a*^rUTViS, SIC, 3tEllC*3t>Ttt. Ti2®# 

[0 0 7 2] flf3lE®ag±®)tE«tC*VJTtt. 

®5tE«T*«>lC'b^^-f. asctEt>, E«*«±T:& 
r«ic^ftUTv»fc. issttticj:i3)t®tDiii*e)*tissn 
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(7) 

U 

(0 0 7 3] Sfc. itE«llC*3V5T. 

m(C*V»TJ4. 1 um®IHlia*<5S4UTV»fc. 1 « mOD 
DaCiTfi. 1. 5tfm(DJt&-»i^;l.*-f«?£e»S-a- 

t^TJi. I^S©lHiatt, 0. 0 Z iimSkT\zUm^t\X 
[0 0 7 4] crofillC. *Kegffl1S^*3|fl:=K§B. ± 
5. 

[0 0 7 5] J|'3l»SB«-*W<&oTVi5fcB&, III ft 

»±5fr5i:. III »|-V«|iji»fl:|fi^0±ffi*t. S 
I -LS I ©iffiJcOJSl-sttBC/ftS. )t- 

*«wi5iBSBic*3i'iTtt. Ill m-vmm 

BUfBfc. S i|HlBgHfc±Mtt|^i;ss$t&r), 

inioE*i*»s<siiS3nTi'>s. ^mm<fs.'o. 

[0 0 7 61 40 
[»M©3il«] *S!?girj;nii, III -V'\-7'Dxtf3' 
+vrJP*fi. Ill -VsfSflga . 7=fhUy 

IS. Ei»*&¥a;'S:Sffi±Tff5;it*tBia6i&0, 

DDifbiceH-rs, E«®as«n. 7* Kcji^asas 




1$l8¥6-2 3 2 1 2 6 

[aiS©ffi^;d:|»i|q] 

[B 1 ] ill ©|giS«q(cfii^ffi^¥^^|ll]»SB©{iK 
[02] H 1 ®*tt«SJ©l8aT»-5. 

[03] ®i®siifi0ij©xe0-c*<b. 
[04] ® 1 ®^ig0ij®ie0-p*-5. 

[05] l|l®||lg«aj®ie0T*5. 
[06] m2©||JfiW®Xg0T!*S. 
[07] »2®Sllfi«aj©3:g0T*-5. 
[08] ^2®^0ijroig0Tr*.5. 
[09] m2®^iSe»|®X@0T$^. 
[010] m2®|gigff|®XSH-p»S. 

[011] »3®sijs«®xs0r»*. 

[012] fl3®^S£fq®xa0T$.«. 
[013] »4®|gi8«®X80T*^). 
[014] m4®^ifi«!|®XS0-7»-5. 
[015] S5®^£&0I|®X€0-7»S. 

[016] m±K»\zii^m.mit:hi>, 

[017] i[5®^W®Xg0T*?). 
[018] mm (-fi) . «aE«ffl¥M0Tfe5. 
[01 9] «e*®«[&*««i:|lI»SSff®«l§0T»5. 
[«f^®MW] 

11 S i Sfi 

12 GaAsti? -itiK^ 

13 S I LS I 

14 S i O: ES 
1 5 7^ 

1 6 ES 

2 1 S i O2 gg 
22 GaAsS 

2 3. 2 7 S iOs ¥S{bK 

2 4. 3 3 

2 5. 3 4 Jtsg? 

2 6. 3 5 tIT-JtST 

3 1 GflSB 

3 2 InP® 

32 a :x.yi>!fU—X 

3 2b MS 

3 6 \ n^Wf- • ytUkf- 

4 1 S i 3 H 

5 1 >!£l||i[iS 
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(11) *$M¥6-2 3 2 1 2 6 
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(12) 



1$ffl¥6-2 3 2 1 2 6 
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(13) 
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[01 7] 




(B) 
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3E3SC«=ff^BaKf^#»r-TBlS6^ B 



xs>ci5=r-f^fflKi^¥ii-TaiS6^ b 

SE:KI5=P«BBKrt#"r-Til#6# B 
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